The introduction of New Larger Aeroplanes presents the ICAO Obstacle Clearance Panel (OCP) with the need to review the requirements for the Obstacle Free Zone. To support future decisions, the OCP took the initiative to begin the development of pilot models able to control the simulated aircraft during the approach -go-around manoeuvre. The aim of this development was to obtain a tool to perform Monte Carlo simulations for the determination of the flight path statistics of the manoeuvre. In 2001, both QinetiQ and the National Aerospace Laboratory (NLR) were invited to develop pilot models. The two pilot models are based on fundamentally different descriptions of a pilot's control behaviour. The QinetiQ pilot model is based on a discrete-event representation of pilot control movements and has been developed in the Integrated Performance Modelling Environment (IPME). The NLR pilot model is based on control engineering and is a linear model with visual and motion feedback, extended with stochastic disturbances. This development was supported by Boeing, which provided a simulation model of the B747-400 as the representative aircraft model. The integration of the pilot models with the aircraft model was performed by Boeing. Statistical data on the flight path tracking during the approach -go-around manoeuvre and on discrete pilot actions were obtained from simulations performed in a full flight simulator at NASA Ames and a fixed base simulator at Boeing. Both pilot models, the use of the statistical data from the simulations and the integration with the aircraft model are discussed in the paper.
Introduction
With the introduction of so-called New Larger Aeroplanes (NLA) in the near future, attention has to be given to the subject of pilot/aircraft performance during balked landings. A balked landing is an approach to land, which is aborted in a very late phase of the landing; e.g.. at a height below 50 ft. The need to address this issue arises from questions concerning the dimensions of the Obstacle Free Zone (OFZ) that is required to accept the operation of the NLA at given aerodromes. As currently addressed in the ICAO Obstacle Clearance Panel it needs to be established whether the OFZ, as specified for the largest category of aircraft (code F, ICAO Annex 14) is appropriate for the near term introduction of the NLA. It should be noted that the definition of the OFZ in the past has been based on aircraft equipped with significantly less advanced technologies (both in aircraft performance and systems) than current generation of new aircraft. If the current specification of the OFZ would be overly conservative, it might unduly restrict the introduction of the NLA at certain aerodromes, or vice versa may require unnecessary investments for aerodromes to allow the introduction of the NLA.
In order to address this problem, the ICAO Obstacle Clearance Panel took the initiative to ask for a quantitative (probabilistic) safety assessment. The ICAO, the national aviation authorities and the aeroplane industry (Refs. 1, 2 and 3) supported this initiative. In this way the level of safety provided by the OFZ can be established, and compared with a given target level of safety. Besides the balked landing following an automatic approach, the OCP also asked for an analysis of the manually-flown balked landing following a flight director approach. The Flight Operations and
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Analysis Branch of the FAA offered to support this effort by the use of the Airspace Simulation and Analysis Tool (ASAT) to perform the analysis (Ref. 3) . For this purpose, sufficiently reliable and accurate aircraft and pilot models need to be developed. Today the state-of-the-art modelling techniques are largely developed to a level that these models can be provided. Since no validated aircraft models for the NLA were available. The Boeing Company made the aircraft model of the B747-400 available for this study. The OCP asked for the independent development of two pilot models based on different principles. For this purpose QinetiQ at Farnborough in the UK (Ref. 4 ) and the National Aerospace Laboratory in Amsterdam (Ref. 5) were invited to provide their expertise to develop the pilot models. The aim for these models is that they can simulate pilots' control behaviour during the approach to land followed by a balked landing under a range of configurations (centre of gravity, weight and flap setting), atmospheric conditions (wind, gust and visibility) and can capture the effects of pilot variability. To support the development of the pilot models a simulation of the closed loop of the pilot and aircraft model was required. For this purpose, Boeing Seattle developed a simulation of the B747-400, representing the characteristics of a NLA, including reduced aerodynamic model, engines, flight control system, flight director, and yaw damper (Ref. 6) . This model was implemented in the MSC Engineering Analysis System (EASY5) environment and made available to QinetiQ and NLR. After the goal of the pilot models has been satisfied, the pilot models will be integrated into the ASAT to perform Monte Carlo simulations. The results of these simulations will be used to determine the OFZ. In addition to this effort, manned simulations of the balked landing to generate a data base of performance data were performed in the fixed base B747-400 simulator at Boeing and the B747-400 FFS at NASA Ames. The purpose of the database is to provide data on rule and skill based pilot behaviour to support the evaluation and fine-tuning of the pilot models. To this end an extensive statistical analysis of the database has been carried out (Ref. 7) . Finally, the Central Aerohydrodynamic Institute (TsAGI) in Moscow was invited to evaluate the final pilot models to assure that the functioning of the pilot models in the process to derive the OFZ satisfies the safety requirements (Ref. 8) .
In this paper, the general background and requirements of pilot model development for the balked landing study, the required development environment and the statistical analysis of simulator data are discussed. Thereafter, the specific characteristics of the QinetiQ and NLR pilot models are explained and results shown. The paper will be closed with a discussion and conclusions.
Background and requirements for the pilot model development The pilot's task in a modern transport aircraft represents more and more that of a management task (hence supervisory control) than of manually controlling a dynamic system. As a supervisory controller, the pilot directs and/or controls the different aircraft systems and is free to decide which part of the task should be performed manually and which part by the automatic systems. Rasmussen (Ref. 9) , in an attempt to structure human operator behaviour, classified this behaviour into three levels: skill-based, rule-based and knowledge-based behaviour, Fig. 1 . At the skill-based level, the perceptual-motor system acts as a continuous control system. The inputs to the sensors, in this case the visual system, the vestibular system, proprioceptive system, etc., are perceived as continuous signals as a function of time and used to generate the control output. At the rule-based level, the perceived stimuli are considered as signs, marking changes in conditions and/or procedure. Based on the signs, the new rule is selected. After selection of the rule, the execution is performed with the learned sensory-motor patterns; i.e., skill-based behaviour. Functional reasoning to predict future changes or behaviour of the environment is based on symbols at the knowledge-based level.
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Thus, knowledge-based behaviour is based on a cognitive understanding of the particular task and results in conscious logical decisions; rule-based behaviour is based on rules and procedures; skillbased behaviour is generated by trained sensorymotor patterns. When this classification is applied to the pilot's behaviour, a better understanding of how the pilot model for the balked landing may be developed is obtained. During the manually controlled balked landing manoeuvre the pilot generates control input to the aircraft at the skill-based level and takes discrete actions at the rule-based level. The pilot models developed at QinetiQ and NLR deal with the control behaviour at the skill-based level. Rule-based behaviour will be based on the statistical analysis of the flight simulator data obtained during balked landing manoeuvre simulations. See the section "Statistical analysis of flight simulator data" below and Ref. 7 . Where the procedure for the manual approach and go-around manoeuvre is fully described and no exceptional deviation can be modelled, knowledge based behaviour is not considered in this modelling effort.
The original request from the ICAO Obstacle Clearance Panel was to develop a pilot model, which should be able to simulate a pilot's manual control of the aircraft through the whole balked landing manoeuvre based on the Flight Director commands (Refs. 10, 11). The manoeuvre should start at a distance of 8.15 km from the runway threshold (corresponding with about 1400 ft on the ILS approach path) and end at climbing through 400 ft after initiating the go-around. Given, however, the differences in design philosophy of the New Larger Aeroplane manufacturers, it was decided to incorporate a visual segment into the manoeuvre starting at or above the decision height. This meant that also the initiation of the flare and the de-crab should be based on the pilot's visual perception of the aircraft position relative to the runway. Consequently, the pilot model should correct the aircraft position based on the visual cues from the outside world starting at or above decision height and resuming control based on Flight Director commands after the go-around initiation. Accordingly, the go-around manoeuvre controlled by the pilot model has been divided into five segments: In addition, the pilot models for these segments incorporate speed/thrust control for segments 1 and 2. For all segments it was assumed that the deviations from the intended path are small such that the pilot models for symmetric and asymmetric control of each segment are independent. So, pilot model parameters for symmetric and asymmetric control can be adjusted independently. The results of the statistical analysis (Refs. 7 and 12) performed on the manned simulation data show that the flare and de-crab are initiated at different instances.
Pilot model development environment
The "truth model" for the development of our B747-400 model is Boeing's proprietary, high fidelity B747-400 Integrated Aircraft Configuration (IAC) simulation. (For convenience, in the sequel reference will be made to it as the "full-fidelity simulation.") This simulation runs on HP-UX and Power PC platforms. It is the simulation which Boeing uses to conduct analyses in support of certification, accident investigation, and other critical activities. It is also the final destination for the pilot models being developed by the NLR and QinetiQ, and the ultimate environment in which to perform their final calibration. When the calibration of the pilot models has been completed in the B747-400 IAC, it will then be used, together with the pilot models, by the FAA to conduct Monte Carlo studies of balked landings in order to establish the requirements for the obstaclefree zone for new larger aeroplanes. Although the B747-400 IAC is the most fully elaborated and most extensively validated simulation of a large commercial aeroplane available, it was decided that it would not provide a convenient vehicle for the researchers at the NLR and QinetiQ to use in their pilot model development. For one thing, it is available only on certain platforms, as already noted. More importantly, the full-fidelity simulation does not support some of the most useful and widely-used techniques in control system engineering; namely, the generation of a linearised system model in the vicinity of an equilibrium point, and the subsequent use of the linearised model for control system analysis and design. For these reasons, it was decided to implement a simplified B747-400 model in MSC.EASY5™, a
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commercial software package for the modelling, simulation, and analysis of dynamical systems. MSC.EASY5 was chosen since it was readily available, we were familiar with it and with its capabilities (it was originally developed at Boeing), and we were confident of its suitability for "industrial-strength" applications. MSC.EASY5 allows one to build a system model graphically, by means of a block diagram. The basic elements of the block diagram can be either members of standard component libraries supplied by MSC.EASY5, or customised blocks of C or Fortran code created by the user. Component libraries are available for "generic" dynamical system elements (transfer functions, summing junctions, various "standard" non-linearities, etc.) as well as for variety of specific application domains, including aerospace vehicles, thermal hydraulics, multi-phase fluids, and several others. Any portion of the block diagram can be "collapsed" into a submodel, and submodels can be nested hierarchically. Once the user has completed the construction of the block diagram for his model, he can then direct MSC.EASY5 to generate executable code for the model. To simplify matters slightly, the block diagram represents a system of ordinary differential equations. The dependent variables in these equations form the components of the state vector.
The executable code evaluates the derivative of the state vector. This derivative is a function of the current value of the state vector, of the exogenous inputs into the system (if any), and (possibly) of time.
Once the user has generated the executable code for his model, the model may be simulated by using any of several methods that MSC.EASY5 provides for the integration of the system differential equations. The user may also generate a linearised system model in the vicinity of an equilibrium point, and use these linearised models for linear system analysis and design. In some applications (but not ours), one may not know a priori where an appropriate equilibrium point is to be found, and for this reason MSC.EASY5 provides the capability to search for an equilibrium point, starting from a given operating point. Finally, MSC.EASY5 has a built-in high-level scientific programming environment, the Matrix Algebra Tool, which is useful for a variety of purposes, including linear control system analysis and design, analysing and plotting simulation results, and managing the execution of multiple simulation runs (as in a Monte Carlo study, for example).
A conceptual view of our MSC.EASY5 B747-400 model is shown in Fig. 2 . One sees that the model is composed of the following main components:
• the Aircraft Model model is linearised around an equilibrium point corresponding to steady, wings-level flight; as is well known, the longitudinal and lateral aerodynamics may in this case be decoupled from one another. One pair of linear models was generated to represent the aeroplane during the approach phase, by trimming the full-fidelity simulation on the descent, and a second pair of linear models was generated to represent the aeroplane during the goaround phase, by trimming the full-fidelity simulation on the climb-out. (Such quadruples of linear models were actually generated for a variety of aeroplane weights, nominal airspeeds, and centre-of-gravity location.) The transition from the approach phase to the go-around phase was implemented by means of a linear interpolation scheme. We also implemented here a detailed model of the B747-400 yaw damper. The Fortran block performs a variety of "top-level" functions, including the calculation of "whole" values of the aerodynamic variables, the calculation of the aeroplane heading angle and the management of the transition from approach to go-around.
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The Sensors submodel and the Flight Director submodel are fairly detailed implementations of the relevant portions of the corresponding components of the full-fidelity simulation. The ILS model simply computes the deviations of the aeroplane position from the localizer and glideslope beams, as well as computing the aeroplane position relative to a runway-based coordinate system.
No attempt was made to implement a realistic model of the ILS errors. The Flight Controls submodel represents the engines and the control surface actuators, and consists merely of simple first-and second-order lag filters and simple non-linearities. It should be noted that no attempt was made to model the mechanical linkages between the cockpit and the so-called aft quadrant where the actuators reside. Therefore, the outputs of the Pilot Model are presented directly to the actuators in the aft quadrant. Comparisons of the outputs of our MSC.EASY5 model with those of the full-fidelity simulation show a reasonable degree of agreement between the two.
Statistical analysis of flight simulator data The pilot models, which are described in the subsequent sections, have been developed and calibrated to accurately describe the pilot's skillbased control behaviour during a manually flown precision approach and missed approach. Other control activities during a balked landing, like system management or procedural items are of a more discrete nature and related to higher cognitive functions. According to Rasmussen's theory (see Fig.  1 and Ref. 9) these activities are generated on the rule-based or knowledge-based level, because they are linked to distinctive signs or symbols compared to the continuous stream of signals, which drives the skill-based behaviours. From a statistical analysis of flight data from thirteen air-transport pilots collected in a Boeing B747-400 level D full flight simulator at NASA Ames, a rule-based model layer for procedural items during the visual segment can be derived. This statistical analysis describes for example the onset of the flare as well as the de-crab manoeuvre shortly before touchdown as a function of altitude above aerodrome elevation and experimental factors like wind, gust, visibility and gross weight (Ref. 12). Particular emphasis was put on understanding • Go-around Call-out event: equals T 0 , the time when the go-around was called by ATC • TO/GA event: equals the time when the pilot pushed the TOGA switches • Thrust Lever Angle event (TLA): equals the time when the thrust lever angle sharply increased, • Flaps 20 event: equals the time when the flap lever moved into position 20, • Gear Up event: equals the time when the gear lever moved into the Up position Fig. 3 illustrates the variation of the individual timing of these events for all thirteen crews across all experimental conditions. The whole sequence of procedural go-around items lasts on average about 12 seconds from the ATC call to gear-up. The standard deviation is 2.3 seconds. Analysis of variance and multiple regression analyses have shown that the variation of reaction times is only slightly related to the experimental factors gust, weight and go-around call altitude. The crew itself, (to be more concrete, the magnitude and stability of the pilot's control efforts) was identified as the main source of variance for the reaction times (Ref. 7) . Control effort is neither entirely an external nor an internal or individual factor. It reflects the way the pilot controls pitch and roll of the aircraft in different environmental conditions. The rule-based model for the go-around action items includes therefore control effort as an additional (pilot-related) parameter besides the (experimentally controlled) environmental conditions. Other discrete actions like the flare, de-crab or re-crab manoeuvres can be triggered simply by the altitude above the threshold elevation (Ref. 12). To include a rule-based model layer of the pilot reaction times is deemed particularly important because further analyses have revealed that the altitude loss during the go-around is substantially correlated to how fast the pilot responds to the ATC call. This relation is shown in Table 1 for the different go-around call levels (GAC level, RT INI = reaction time for initial response to the call, RT GEAR = total reaction time until gear up).
QinetiQ pilot model
The QinetiQ pilot models for both pitch and roll control are based on a generic form for a single axis tracking task. This basic model comprises a cycle of Royal 2005 11.7
three activities as displayed in Fig. 4 . The tasks are indicated by rectangles and the decisions are indicated by ovals. Each task takes a finite time, which is sampled from a specified distribution at each cycle. As shown in Fig. 4 , it is assumed that the perceived state of the environment is that pertaining to the start of the perceive task, so that the decision to move the control, represented by the oval, is based on slightly delayed information. Movement time is calculated as the move stick task starts and depends on the size of the control movement.
There are three time parameters in the model: the duration of the "wait" task -waits -which represents a short rest after moving the stick or deciding not to move; the duration of the "perceive"
task -delay -which represents the time taken to assimilate flight director information; the duration of the "move stick" task. Rest time and cognition time are sampled from normal and gamma distributions respectively with expected values given by the parameters waits and delay respectively and standard deviation of one third of the mean. The time taken to execute a control movement depends on its magnitude and is described below. The core elements of the model are the perception of required future control position and the decision as to whether to take action to adjust the control. The perception of required future control position is determined as an update to the present control position. It is a simple first order linear controller with a divisor to limit extreme control movements. The adjustment is calculated at the start of the "perceive" task as shown in Fig. 4 and is derived according to Equation ( The parameters μ, λ are gains, while η has the units of time and represents a forward forecast interval. The effect of the divisor on the first term is to damp out extreme excursions. In the second term, if λ = 1, the adjustment is merely a correction to the current control position; if λ > 1, there is a tendency to reduce large excursions with time. The combination of corrections permits some oscillatory behaviour, particularly with respect to pitch, but also tends to damp the oscillations with time. The decision to make a control movement is determined in the "Move" decision box. It is stochastic in that there is a probability that a control movement will be made which depends on the size of the perceived adjustment according to Equation (2)
where prob(response) is the probability that a control movement will be made; adj is the perceived adjustment calculated in Equation (1); τ is a parameter that is to be calibrated; σ is a scale multiplier of the adjustment.
Detailed investigation of the observed control movements for both pitch and roll collected from the Boeing fixed base simulator indicated that there is not a deterministic relationship between the size of the required movement and the exact timing of the movement. Control movements can occur when no requirement is apparent and pilots can delay adjustments when a correction is demanded. A form of the model was tested in which the probability of movement had a small fixed value if the required correction was less than a threshold value and a larger fixed value if the required movement was above the threshold. The smooth function in equation (2) produced behaviour that was more robust to small disturbances and provided a better fit with observations. If the decision is that a control movement should be made, the magnitude of the adjustment is calculated at the start of the "Move Stick" task as displayed in Fig. 4 . It is derived from the calculated adjustment (Equation (1)) with the addition of a small stochastic error term. If the new control position is within a defined distance from the centre, specified by the parameter centre, the control is set to zero. The time taken to make the adjustment is based on Fitts Law, with the time limited to a minimum of 0.1s. To ensure that the movement is not modelled as a single step change at one time, affecting the spectral characteristics of the modelled pilot behaviour, the movement is broken down into a number of discrete steps, all with the same duration and movement. The evidence from examination of 11.8 the data is that the pattern of a control movement takes this general linear form. During a manual flight director approach, the pilot has to be able to see the runway at the decision height, and subsequently rely less on the flight director and more on direct observation of his surroundings. This latter segment of the approach is referred to as the visual segment. Since decision height is approximately 200 feet, the time during which control is modified by direct visual observation is relatively brief, up to 20 seconds. Direct observation of pilots at the Boeing and NASA simulators indicated that they appeared to combine direct observation of the runway with continued tracking of the flight director. It was therefore decided that the pilot model for the general approach to land should be modified to take account of the visual segment rather than developing a completely separate model. It was assumed that during the visual segment of the approach, pilots are able to infer position relative to the glide slope by direct observation and so they can use this information to modify their control movement decisions. The alteration in the control movement is only implemented during the visual segment, which is when the aircraft satisfies the following conditions:
• The aircraft is below decision height. • A randomly generated number between 0 and 1 is found to be less than 0.25, to represent sampling the environment Pitch τ P**
The pilot model contains an additional term to the control adjustment calculated in the "perceive" task for both pitch and roll, taking account of these conditions.
The pilot model calibration procedure was designed to choose parameter values that minimised the objective function, selected to reflect pilot control behaviour, for a specific pilot/condition combination. This minimisation was undertaken by simulating approaches using a combination of the QinetiQ pilot model and the Boeing full-fidelity B747-400 simulation model. For each approach the objective function was calculated and selected parameters in the pilot model were then adjusted using the NelderMead simplex optimisation procedure and a new approach simulated. When convergence had been attained, the process was terminated and calibration started for a new pilot/condition combination. This procedure is computationally expensive in that a complete approach has to be simulated for each iteration of the optimisation procedure. It has the virtue that stability of the pilot model is guaranteed since unstable behaviour would yield high values of the objective function. It should be noted that as the pilot model is stochastic, the statistical characteristics of the observed pilot behaviour are fitted by this procedure rather than the exact behaviour.
To encapsulate overall pilot behaviour the objective function includes three distinct components for both pitch and roll: a component reflecting control activity; a component reflecting the spectral † Significant effects: * p<0.05 ** p<0.01 *** p<0.001 11.9 distribution of control movements; a component reflecting deviation from the glide slope in the visual segment. Control activity was calculated as the mean squared deviation of control position from the mean and the contribution to the objective function was calculated as the square of the difference between the logarithm of observed control activity and the logarithm of modelled control activity. The power spectrum for control activity was broken down into 7 wavebands and estimates of the fraction of the power in the 7 wavebands were obtained for both the simulated and observed data and the weighted sum of the squares of the differences was calculated.
The majority of the parameters in the model were estimated from Human Engineering data. A subset comprising 4 key parameters during approach, namely μ, η, λ, τ, were calibrated for both pitch and roll.
Calibration of the pilot model. The calibration is based on the data obtained at NASA Ames, consisting of 13 subjects each completing 12 conditions, varying in weight, wind and gust. All of the simulations were conducted with the inclusion of the visual segment. The Nelder-Mead procedure was used to fit parameters for each of the 156 combinations of pilot and condition, each comprising multiple simulations. Of the 156 calibrations, 141 converged successfully inside the iteration limit. The remaining 15 calibrations failed to converge satisfactorily, and the results summarised below are based on the 141 completely satisfactory calibrations. The variation of the 12 fitted parameters with pilot and experimental condition was investigated using Analysis of Variance (ANOVA). Four factors were identified: Pilot (PRandom Effect), Mass (M -Fixed Effect), Gust pattern (G -Fixed Effect) and Cross wind strength (W -Fixed Effect). A summary of the observed effects is displayed in Table 2 .
The majority of the effects in Table 2 are related to differences between the pilots rather than the conditions, as anticipated, although the important differences due to Gust and Mass for Pitch η appear to reflect a change in control strategy according to conditions. The variation between pilots appears considerably more marked for the pitch parameters than for the roll parameters. Within the roll parameters, there is relatively slight indication of variation with the external conditions. From the calibration results, the parameters relating to the visual segment have poor definition and the method used to determine the values may need further investigation. The detailed variation of Pitch η is displayed in Table 3 .
From Table 3 it can be seen that the parameter pitch η tends to decrease with increasing wind and gust.
Since the parameter pitch η represents the forward forecast component of the pilot model, this suggests that pilots feel slightly less able to look ahead during turbulent conditions than during steady conditions. This pattern of variation is plausible, and will need to be taken into account in the full simulation study.
Simulated results. Analysis of the control activity and percentage power in the spectral bands indicate a substantial variation between pilots. In addition there are clear main effects of mass and gust. A similar analysis conducted on some results from the simulated descents reveals significant effects in most of the components of condition, condition interactions and subject-condition interactions. The observed and simulated pitch and roll percentage power are displayed for two conditions in Fig. 5 . In general, the match between observed and modelled distribution of spectral power is good. For the lower weight aircraft, there is a tendency to underestimate the overall power in the 7 selected spectral bands, although the distribution within the spectrum is reasonably good.
NLR pilot model
The NLR pilot model is based on the descriptive pilot model (Refs. 13, 14) developed to describe pilot's control behaviour in the inner attitude control loop, Fig. 6 . A block diagram of the descriptive model is shown in Fig. 7 . Sensor dynamics, information processing delay and neuro-motor dynamics have been derived from experimental research and the literature (Refs. 13, 14) . The only free parameters of Figure 6 . Inner attitude control loop with pilot and aircraft. model. -10, 2005 11.10 the model are the gains K i weighing the sensory outputs R i . For the inner attitude control loop these parameters can easily be adjusted using an optimisation procedure with the proper control loop characteristics; i.e., aircraft model, task reference i(t) and external disturbance w(t).
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When a pilot adjusts his/her behaviour to a certain control task, the first objective is to achieve an acceptable level of tracking performance. If a pilot were to minimise the tracking error alone, his control actions would not take into account the such things as aircraft limitations, structural loads and passenger comfort, for example. In reality, the pilot will normally consider putting more effort into the task as a function of the benefit of the resulting performance improvement, and to the corresponding increase in workload. For these reasons, to bring the workload into account, the mean square of the control signal and its derivative have been added to the cost function.
There is another consideration: When a pilot tries to improve tracking performance, he will increase his gain. This will result in an increase of the crossover frequency ω c and a decrease in phase margin ϕ m . A too high gain will reduce the stability of the control loop. So, the choice of the cost function should aim at the following:
• Good tracking performance • Effective control effort • Adequate bandwidth and stability of the control loop as expressed by the crossover frequency and the phase margin.
In order to achieve these goals, the following cost function can be applied. It has been shown by several authors (Refs. 15, 16, 17) that the two external disturbances on the control loop, the forcing function i(t) and the disturbance 11.11 function w(t) (Fig. 6 ) have a different influence on pilot's control behaviour especially when motion feedback is present. In the more complicated situation where the pilot controls the aircraft position in a set of nested control loops (Fig. 8) it is of importance to correctly characterise the external disturbances on the control loops when adjusting the pilot model parameters to obtain realistic pilot model behaviour. This dictates careful attention to the setup of the control loop and external disturbances during the parameter adjustment in the different phases of the balked landing manoeuvre.
In the particular case of the application of the pilot model to the Balked Landing Study, it is required to extend the model to simulate the non-linear behaviour of the human operator. In real life, pilots' control behaviour will exhibit inaccuracies and errors (Ref. 18) . To take that into account, a remnant signal n(t) (a bandwidth limited noise signal) is added to the model control output, Fig. 9 . The remnant characteristics are derived from the literature (Refs. 18, 19, 20) and the remnant signal is added to the model just before the neuro-motor system block in Fig. 7 . One feature of pilots' behaviour in generating control output and related to the non-linear characteristic is that the pilot will often not react immediately to small deviations. Depending on the task this can be simulated by using thresholds to the pilot model input or output. Where necessary, thresholds are applied to bring pilot model output in correspondence with measured pilot control behaviour.
As an example the application of the pilot model ( Fig. 7) to altitude control during the visual segment is discussed (Fig. 10) . The aircraft pitch attitude control loop is closed by adjusting the pilot model parameters to the task.
To correct for the perceived altitude error e h the pilot will correct the reference pitch attitude θ ref . By using a pilot gain K h the vertical deviation e h is transformed to the reference pitch attitude θ ref .
In this way the outer altitude deviation control loop is closed.
To correct for the influence of a changing headwind which affects the flight path angle, the pilot gain 11.12 aircraft position can be modelled. This is modelled by inserting a slowly varying random bias (pilot position uncertainty, Fig. 10 ) with a magnitude dependent on the distance to the touch down aiming point (Fig. 11) . The bandwidth of the slowly varying uncertainty random signal is 0.075 rad/s for the height uncertainty and 0.05 rad/s for the lateral position uncertainty. Due to the short duration of the visual segment (about 20 s) these random signals have a mean and a variation both decreasing when closing in to the runway. They are based on the results of the manned simulations of the balked landing and on the results of a study on the position perception accuracy by Wewerinke.
Implementation of the pilot model in EASY5. After the pilot model for all segments have been defined the Matlab/Simulink models are converted to EASY5. The parameters in the pilot model are dependent on the following entries:
• Pilot variability. The structure of the EASY5 model must be able to handle the schemes for the symmetric and asymmetric models for the 5 segments as a function of aircraft configuration, weather conditions and pilot variability. In the EASY5 interpolation blocks, linear interpolation is performed for the actual value of longitudinal cg location, pilot variability and air speed, in those parts of the interpolation tables indicated by the actual combination of flap setting and flight segment. These interpolations are performed separately for light, medium, and heavy aircraft weight. Subsequent interpolation in a dedicated FORTRAN block deals with the actual aircraft weight.
The parameters resulting from interpolation are filtered by first-order, low-pass filters, having a time constant of a few seconds, to avoid discontinuous changes in the math pilot output signal. However, another source of discontinuity still exists, owing to the switching between different lanes, which use different control and feedback variables.
Instead of simple switching, a fading switching method has been introduced. At the switching instant and at the switch output, the present result and the next result are compared. Any discrepancy will generate a bias value, which is added to the next result, making it initially equal to the present one. The bias value is then faded out in a few seconds. Results. So far, the pilot model structure for longitudinal, lateral and speed/thrust control for the five segments of the balked landing maneuver has been determined. The pilot model parameters have been adjusted for all 36 configurations (aircraft weight, cg, flap setting, and indicated airspeed) and the model and parameters has been implemented in the EASY5 environment. The EASY5 pilot/aircraft model is able to simulate the pilot and aircraft responses for all configurations within the configuration space covered by the 36 configurations. Before each simulation, the aircraft configuration, start of the visual segment, flare and de-crab initiation, go-around initiation, wind and pilot's agility have to be defined. The pilot model in EASY5 runs but has still to be evaluated. In Fig. 12 11.13
based on the EASY5 pilot/aircraft model. Fine tuning of the pilot model parameters for the subsequent segments will be based on the results of manned balked landing simulations.
Discussion and conclusions
The Balked Landing Study is a challenging project, which could only be started and successfully performed with the support of the aviation authorities, research institutes and industry. The close co-operation among these partners turned out to be very inspiring, and effective. Still, much remains to be done; in particular, the evaluation of the pilot models for this application. To assure that trustworthy results, acceptable to all involved in the NLA operation, will be obtained, it has to be shown that the pilot model tracking performance statistically equals the tracking performance in real life operation. The highly qualified and independent Central Aero-Hydrodynamics Institute (TsAGI) in Moscow has been invited to formulate and execute a plan for this evaluation.
So far, the pilot model development environment (EASY5) performs adequately to support the pilot model development, both the model structure and the initial calibrations. The final calibrations of the pilot models, however, have to be performed in combination with the high-fidelity B747-400 IAC model, which will also be used for the future Monte Carlo simulations. These simulations will be controlled by a scenario file, which configures the aircraft configuration, weather conditions and pilot variability. The results of the statistical analysis on pilot's rule-based behaviour as discussed will also be modelled in the scenario files to adjust the pilot models for each simulation.
The two pilot models are based on fundamentally different descriptions of a pilot's control behaviour. The QinetiQ pilot model is based on a repertoire of discrete tasks that is able to predict human workload and performance, based on a model of human tracking behaviour developed in the Integrated Performance Modelling Environment (IPME). The NLR pilot model is based on control engineering and is a linear model with visual and motion feedback, extended with stochastic disturbances. Also the initial adjustment of the pilot model parameters is different. While the QinetiQ model parameters are adjusted based on the available simulation database of the balked landing manoeuvre, the NLR model parameters are adjusted for each segment of the manoeuvre to the control task. Final adjustment of both models will be based on the statistical results from the simulation database.
The present available data base from the manned simulations of the balked landing manoeuvre cover quite a range of aircraft configurations, weather conditions and pilot variability. However, the question has to be raised whether this database is sufficient to support the final results of the Balked Landing Study. This question will be part of the final pilot model evaluation.
The application of pilot models in this study to obtain reliable statistical information on pilots' tracking performance during the balked landing may turn out to be a breakthrough in the support of aircraft operation and the required issuing of aviation rules.
